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ABSTRACT: Two-dimensional (2D) perovskites have recently attracted intensive
interest for their great stability against moisture, oxygen, and illumination compared
with their three-dimensional (3D) counterparts. However, their incompatibility with a
typical lithography process makes it difficult to fabricate integrated device arrays and
extract basic optical and electronic parameters from individual devices. Here, we
develop a combination of solution synthesis and a gas—solid-phase intercalation
strategy to achieve hexagonal-shaped 2D perovskite microplates and arrays for
functional optoelectronics. The 2D perovskite microplates were achieved by first
synthesizing the lead iodide (Pbl,) microplates from an aqueous solution and then
following with intercalation via the vapor transport method. This method further allows
us to synthesize arrays of 2D perovskite microplates and create individual 2D
perovskite microplate-based photodetectors. In particular, chlorine (Cl) can be
efficiently incorporated into the microplates, resulting in significantly improved
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performance of the 2D perovskite microplate-based photodetectors.

hree-dimensional (3D) organic—inorganic halide perov-

skites have been extensively studied in the past few years
due to the unprecedented rapid surge of the power conversion
efficiency of the perovskite solar cells to a certified efficiency
higher than 22% within a few years' ” and fairly good
performance of perovskite-based photodetectors,® lasers,”’
and light-emitting devices." '* However, 3D perovskites are
inherently unstable in the presence of moisture, heat, and
illumination, which greatly limits the commercialization of
perovskite-based optoelectronic applications.'*™""

Recently, newly emerging 2D organic—inorganic perovskites
have attracted increasing attention because of their great
environmental stability compared with 3D perovskites.”’ >
The general formula of such 2D perovskites is
(RNH;),A,_ M, Xs,,,;, where RNH; is a large aliphatic or
aromatic alkylammonium spacer cation, A is a monovalent
organic cation, M is a divalent metal cation, X is a halide anion,
and n represents the number of [MX4]*~ octahedral structures
sandwiched between two layers of spacer cations.'”*® In 2D
perovskites, the long and bulky hydrophobic spacers can
prevent the [MX4]*™ octahedra from being directly exposed to
moisture, and thus, their stability in ambient can be greatly
enhanced. Previous studies reveal that the 2D perovskite-based
solar cells are able to maintain 60% of their initial power
conversion efficiency under illumination after 2250 h and
exhibit greater moisture tolerance under 65% relative humidity
(RH) compared with their 3D counterpart-based solar cells."”
In addition to the improved stability, 2D perovskites are

-4 ACS Publications  © 2018 American Chemical Society

4532

equipped with inherent multiple quantum well structures with
an extremely large exciton binding energy and tunable
quantum well thickness by simply manipulating the number
n, which provides an ideal platform to investigate the exciton—
polaritons and explore for novel photonic devices.”””® In
particular, the layered nature allows us to obtain few-layer 2D
perovskite sheets by mechanical exfoliation and integrate them
with other 2D layered materials such as graphene and
transition metal dichalcogenides (TMDs) to realize a variety
of functions as demanding.”” ™'

To fully explore the potential applications of 2D perovskites,
it is essential to fundamentally understand their photophysical
and electronic properties and extract the basic optical and
electronic parameters of the 2D perovskites.”> Nevertheless,
the photophysical and electronic properties of 2D perovskites
still remain largely unexplored partially due to the difficulty of
fabricating individual perovskite devices.”” Although their
stability has been greatly improved, 2D perovskites are still
incompatible with a typical lithography process, and thus, most
studies on 2D perovskites to date are limited to solution-
processed films, which contain a great number of grains leading
to extensive grain boundary scattering and trapping.””*” Here,
we report on a synthetic strategy combining solution synthesis
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and gas—solid-phase intercalation to precisely grow 2D
perovskite microplates onto the desired positions.”> This
simple method enables us to fabricate individual 2D perovskite
electronic devices as well as scalable arrays of 2D perovskites
for further integrated device arrays with excellent quality.” In
particular, the two-step method also allows us to efliciently
incorporate chloride into the 2D perovskites (BA),Pbl, with a
relatively high ratio to improve the device performance, while
it has been revealed that the ratio of Cl incorporation (doping)
in an iodide-based 3D perovskite cannot be very high (less
than 3—4%).>*

Figure la displays schematic illustrations of the experimental
setup and the corresponding crystal structure changes for the
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Figure 1. (a) Setup and corresponding crystal structure changes for
the gas—solid-phase intercalation process. (b,c) Optical images of as-
grown PbI, microplates (b) and corresponding converted
(BA),Pbl,_,Cl, microplates (c). The scale bar is 100 um. (d,e)
SEM images of the individual converted (BA),Pbl, (d) and
(BA),Pbl,_,Cl, (e). The scale bar is 20 um.

gas—solid-phase intercalation process. The entire intercalation
process was completed in a home-built vapor transport
chemical vapor deposition system. The Pbl, microplates
were first grown on the substrates either by directly dropping
a saturated Pbl, aqueous solution or via a pattern growth
method reported previously (see the Methods section).****
The as-grown Pbl, microplates were then placed downstream
of the quartz tube, while the butylammonium iodide (BAI) or
butylammonium chloride (BACI) powder was placed at the
center of the tube furnace. After heating the quartz tube to 150
(120) °C and maintaining this temperature for 2 h (30 min),
the Pbl, microplates were successfully converted into
(BA),Pbl, ((BA),Pbl,_,Cl,) plates, respectively. During the
intercalation process, one layer of [PbIs]*” octahedra was
sandwiched by two layers of BAI (BACI) molecules, leading to
the formation of 2D perovskite (BA),Pbl, ((BA),Pbl,_,Cl,),
as shown in Figure la.

Previous studies on 3D perovskites have demonstrated that
Cl doping into CH;NH;Pbl; (denoted as MAPbI;) can
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dramatically improve the performance of MAPbI;-based
optoelectronic devices without substantially changing the
band gap even if the ratio of Cl incorporation in MAPDI; is
very low.***® It has also been revealed that the Cl doping
concentration cannot surpass 3—4% in MAPbI; from
theoretical aspects and Cl atoms preferentially occupy the
apical positions of [Pbl¢]* octahedra in MAPbI,.** Due to the
layer nature of 2D perovskites where it is easier for Cl atoms to
replace the I atoms at the apical positions of [PbI¢]*"
octahedra, we anticipate that the ratio of Cl incorporation in
2D perovskites might be much larger than that in MAPbI;.
Thus, we also used BACI powder as the intercalation source to
verify this hypothesis and to check the effect of ClI doping on
the morphology and device performance of 2D perovskites.

Figure 1b,c exhibits optical images of the Pbl, microplates
and converted 2D perovskites by using BACI as the
intercalation source, respectively. The converted microplates
largely maintain a similar hexagonal shape with a striking color
contrast compared with Pbl, microplates (Figure 1b). While
the shape of the converted microplates slightly deviates from
the hexagonal shape of Pbl, microplates due to phase
transition from the hexagonal structure of Pbl, to the
orthorhombic structure of 2D perovskites, the striking color
change before and after intercalation can be ascribed to the
significant increase of the thickness of (BA),Pbl,_.Cl, after
insertion of BACI molecules and the slightly rough surface of
(BA),Pbl,_,Cl, microplates. The energy dispersive spectrum
(EDS) suggests that the atomic ratio of Cl to I is close to 1:1,
agreeing with the hypothesis that a much higher CI
incorporation ratio could be achieved in 2D perovskites
(Supporting Information Figure S1). Similarly, (BA),Pbl,
plates have been successfully synthesized by the same synthesis
procedure using BAI as the precursor source. We further take
the scanning electron microscopy (SEM) images to closely
inspect the surface morphology, which indicates that the
surface of the converted microplates is rather smooth for
intercalation with both BAI and BACI powder sources (Figure
1d,e). Nevertheless, microplates intercalated with BACI
powder show a much smoother surface than that intercalated
with BAI, similar to that in the 3D MAPbI, case.”* The
intercalation of Pbl, plates in 3D perovskites needs to transfer
from the hexagonal phase (Pbl,) to tetragonal phase (3D
perovskites), in which case the Pbl, microplates would break
into a number of pieces (polycrystals) and thus result in a
relatively rough surface after interaction. In contrast, in 2D
perovskites, we expect that the weak van der Waals interaction
between the [MX4]*" octahedral sheets and organic spacer
layers can effectively prevent the entire layer from being
broken into a few pieces and thus leave excellent smooth
surfaces and crystalline quality after conversion.

To further confirm that PbI, microplates have been
completely converted to 2D perovskites and the crystalline
quality of the converted 2D perovskites, we carried out XRD
diffraction and temperature-dependent microphotolumines-
cence (PL) measurements of individual microplates. XRD
patterns of the converted 2D perovskite show that the
diffraction peaks of Pbl, completely disappeared, and all
diffraction peaks can be indexed to (BA),Pbl, when BAI
powder was used as the source, suggesting the complete
conversion of Pbl, microplates. For comparison, the XRD
pattern of the Pbl, microplate before intercalation is also
displayed in Figure 2a. When BACI powder was used as the
source, the diffraction peaks shifted to the smaller angles, and
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Figure 2. (a) XRD patterns of the converted (BA),Pbl, and (BA),Pbl,_,Cl, microplates. For comparison, the XRD pattern of the Pbl, microplate
before intercalation is given as well. (b,c) Normalized room-temperature (b) and 77 K (c) PL spectra of the individual converted (BA),Pbl, and
(BA),Pbl,_,Cl, microplates. Inset in (b): PL mapping of an individual converted (BA),Pbl,_,Cl, microplate. (d,e) Temperature-dependent
normalized PL of (BA),Pbl, (d) and (BA),Pbl,_,Cl, (e) microplates from 77 to 290 K. (f) Extracted higher-energy peak position of PL spectra in

(d) and (e) versus temperature.

Figure 3. (a) SEM image of the converted (BA),Pbl,_,Cl, microplate array. The scale bar is S0 ym. (b,c) Optical image of the converted
(BA),Pbl,_,Cl, array (b) and corresponding PL mapping (c). The scale bar is 20 ym.

some diffraction peaks cannot be indexed to (BA),Pbl,, which
might originate from Cl atom-induced lattice distortion,
consistent with previous reports.”* Especially, the diffraction
peak in the small-angle range (<10°) unambiguously confirms
the formation of 2D perovskite (Figure 2a). Nevertheless,
room-temperature PL spectra indicate that the emission
intensity for both (BA),Pbl, and (BA),Pbl,_.Cl, is more
than 100 times stronger than that of Pbl, microplates,”” further
verifying conversion of the Pbl, (Figure 2b). PL mapping
(inset of Figure 2b) also shows strong emission from the entire
microplates, suggesting that the Pbl, microplates have been
completely converted with excellent uniformity. To further
check whether there is a remnant Pbl, underlayer, we grew
(BA),Pbl,_,Clmicroplates on a quartz substrate and meas-
ured PL spectra from both the top and bottom surface of the
converted microplates. A similar PL profile from the top and
bottom surfaces was observed, suggesting full conversion of
Pbl, (Supporting Information Figure S2). The slight emission
peak position difference between (BA),Pbl, and
(BA),Pbl,_,Cl, might be due to Cl doping or the thickness
difference of the measured microplates, which has been
observed in 2D perovskites and other nanostructures."’
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To check how the Cl doping changes the emission
properties, we collected PL spectra at 77 K for both
(BA),Pbl, and (BA),Pbl, ,Cl, (Figure 2c). For (BA),Pbl,
microplates, three emission peaks are present, which can be
ascribed to the low-temperature phase (X;), high-temperature
phase (Xy), and self-trapped states (X;) according to a
previous report.”” In contrast, there are only two emission
peaks for (BA),Pbl, ,Cl, microplates. According to previous
studies, the higher-energy peak might be due to the free
exciton emission, and the low-energy one may be due to the
self-trapped exciton emission;’" alternatively, both may
originate from the self-trapped states.”* Nonetheless, further
investigations are required to clarify this.

Temperature-dependent PL studies were further carried out
to confirm the conversion of Pbl, and the crystalline quality of
the converted (BA),Pbl, and (BA),Pbl, .Cl, microplates.
Only three emission peaks were observed at low temperatures,
consistent with the solution-processed (BA),Pbl, without any
defect emission,’"*” while a sudden emission peak shift occurs
at around 260 K, indicating a phase transition,*”*' both of
which show that the converted (BA),Pbl, has excellent
crystalline quality (Figure 2d). The extracted energy for the

higher-energy peak versus temperature exhibits a negative
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Figure 4. (a,b) Schematic illustration (a) and SEM image (b) of the converted individual (BA),Pbl, device. Inset: optical image of the two-probe
device. The scale bar is 20 ym. (c) Current—voltage curves of the individual microplate device in the dark and under 473 nm defocused laser
illumination with different powers. (d) Optical switch characteristic of the individual microplate device under a bias of S V. (e) Temporal
photocurrent response excited by a 473 nm laser with a power of 447 W under a bias of 5 V. (f) Photocurrent versus incident light power under

40S and 473 nm laser illumination at a bias of 5 V.

temperature coefficient, agreeing with the solution-processed
(BA),Pbl, as well (Figure 2f). For the PL spectra of
(BA),Pbl,_,Cl, plates, a similar temperature-dependent
emission energy and no phase transition have been observed
in the temperature range that we investigated due to the Cl
doping (Figure 2e,(f). Overall, the low-temperature PL spectra,
phase transition, and temperature-dependent PL emission
energy all support that the Pbl, microplates have completely
converted to (BA),Pbl, or (BA),Pbl,_.Cl, with excellent
crystalline quality.

This two-step growth method also allows us to synthesize
large arrays of 2D perovskite crystals for integrated electronic
and optoelectronic systems. To achieve this, we first grow the
arrays of Pbl, from an aqueous solution by functionaling the
substrates and then convert the Pbl, arrays to arrays of 2D
perovskites via interaction with BAI or BACI powder in a vapor
transport chemical vapor deposition system. 2D perovskite
arrays with controllable physical dimensions, spatial location,
and various lattice arrangements on diverse substrates could be
achieved using this synthetic strategy with great flexibility. As a
demonstration, we have successfully obtained arrays of
(BA),Pbl,_,Cl, microplates with a square lattice arrangement
on a SiO,/Si substrate (Figure 3a). SEM, optical microscopy,
and PL mapping images (Figure 3a—c) of the intercalated
microplates indicate that the resultant array maintains the
square lattice arrangement and the individual plate retains the
hexagonal shape with a smooth and clear surface, suggesting
the great uniformity of the converted 2D perovskite array.

With this two-step approach, we further fabricated individual
2D perovskite-based electronic devices via first selectively
growing the Pbl, plates on predefined electrodes without
adopting typical lithography processes to investigate the
optoelectronic properties of the 2D perovskites.” Figure 4a,b
displays a schematic illustration, SEM, and optical images of a
typical two-probe (BA),Pbl, microplate device with a channel
length of 10 ym. The nearly zero dark current of the converted
(BA),Pbl, device suggests the high-crystalline quality of our
converted (BA),Pbl, microplates with a few defects (dopants)
leading to the lack of the intrinsic charge carriers (Figure 4c).
Under illumination (a 473 nm laser), the photocurrent rapidly
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increases with the increase of the incident power, indicating
the excellent photoresponse of our converted (BA),Pbl,
microplates. The nearly linear and symmetric current—voltage
curves under light illumination show that the contact is close to
Ohmic contact with a negligible barrier. The optical switch
characteristic reveals that our converted microplate devices
have excellent reversibility and stability with a low dark current
of ~10 pA and a photocurrent-to-dark ratio up to 10* (Figure
4d), both of which are comparable to or even better than those
of previously reported solution-processed 2D perovskite
photodetectors. The response speed, characterized by rising
and falling time, is evaluated to be around 60 ms, also faster
than that of the solution-processed 2D perovskite photo-
detectors.”” The photocurrent increases sublinearly with the
increase of the incident power for both 405 and 473 nm laser
illumination, which might be due to the complex photo-
generated carrier dynamics in semiconductors (Figure 4f). The
large photocurrent difference between the 405 and 473 nm
laser illumination is due to the large difference of the
absorbance. The thickness of the microplates that we used is
around 100 nm or below; thus, the incident light cannot be
totally absorbed for such thin devices. The absorption
coefficient at 405 nm is much larger than that at 473 nm, "
leading to the much larger photocurrent for 405 nm
illumination.

To check the effect of Cl doping on the optoelectronic
properties of 2D perovskite devices, we fabricated
(BA),Pbl,_,Cl, microplate devices and measured their photo-
response using the same procedure as that of (BA),Pbl,
devices. The current—voltage curves in the dark and under
illumination indicate the fairly good contact and significant
photoresponse of the (BA),Pbl,_,Cl, microplate devices
(Figure Sa). The excellent reversibility and stability have also
been confirmed by the optical switch characteristic (Figure
Sb). With incorporation of the CI element, the photocurrent
significantly increases from 6 to around 300 nA under the same
illumination condition and the same applied bias but maintains
a low dark current of 10 pA (similar as that of (BA),Pbl,),
corresponding to a very high on—off ratio of 10° (Figure Sb).
Strikingly, the response speed also greatly increases from
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Figure 5. (a) Current—voltage curves of the individual
(BA),Pbl,_,Cl, microplate device in the dark and under 473 nm
defocused laser illumination with different powers. (b) Optical switch
characteristic of the individual microplate device under a bias of S V.
(c) Temporal photocurrent response excited by a 473 nm laser with a
power of 91 yW under a bias of 5 V. (d) Photocurrent versus incident
light power under 473 nm laser illumination at a bias of S V. For
comparison, we also show the photocurrent versus incident light
power for the (BA),Pbl, microplate device taken from Figure 4f.

around 60 ms in (BA),Pbl, microplate devices to around 800
us in (BA),Pbl,_.Cl, devices (Figure Sc). A similar power-
dependent photocurrent has been observed in (BA),Pbl,_.Cl,
devices but with a much higher photocurrent (Figure Sd). The
improved device performance with ClI doping might originate
from the smoother surface and enhanced charge transport, the
same as that in 3D MAPbI, films.>* Overall, the two-step
synthetic method enables us to efficiently and easily
incorporate the Cl element with a much higher doping ratio
than that in 3D MAPDI; films and without introducing a large
number of defects to improve the performance of the iodide-
based perovskite-based electronic and optoelectronic applica-
tions.

In summary, we have developed a two-step synthetic
method combining solution synthesis and gas—solid-phase
intercalation to controllably grow 2D perovskite microplates
and arrays of 2D perovskites. XRD, SEM, and low-temperature
PL studies confirm the successful formation of the 2D
perovskite microplates and microplate arrays with a hexagonal
shape, smooth surface, and excellent crystalline quality. We
further show that this two-step method allows us to selectively
grow 2D perovskite microplates on predefined electrodes to
create individual 2D perovskite plate-based photodetectors and
enables us to efficiently dope the Cl element at a high ratio to
significantly improve the performance of the photodetectors.
Our findings provide a simple synthetic method with great
simplicity not only to create electronic devices based on
individual 2D perovskite crystals for further investigation of
their electronic and optoelectronic properties but also to
synthesize 2D perovskite crystal arrays for integrated electronic
devices. In particular, the gas—solid intercalation allows us to
improve the performance of the 2D perovskite-based photo-
detectors, which opens an avenue to increase the ratio of Cl
incorporation in perovskite materials.
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B METHODS

Fabrication of the Patterned Substrate. The patterned substrate
has been prepared using a method reported previously. In
detail, the precleaned SiO,/Si wafer was immersed in
hexamethyldisilazane (HMDS) vapor for 10 min and then
rinsed with acetone for 30 s to form a self-assembled HMDS
hydrophobic monolayer on the substrate surface. A photo-
lithography process together with oxygen plasma treatment
was used to selectively remove HMDS from designated/
specific locations to obtain periodic arrays of hydrophilic
regions. Then, the photoresist was removed by dipping the
substrate into acetone for 5 min. The freshly prepared
patterned substrate was further used for growth of the Pbl,
microplate array.>

Growth of Pbl, Microplate Arrays. To obtain Pbl, micro-
plates, a saturated Pbl, aqueous solution (0.1 g/100 mL)
prepared at 80 °C was dropped onto the substrate and dried at
60 °C. The Pbl, microplates with hexagonal shape could then
randomly form on the substrate for further intercalation. For
the growth of Pbl, arrays, both the patterned substrate and
aqueous solution of Pbl, were first heated to 80 °C, and then,
the heated patterned substrate was immersed in the hot
saturated Pbl, aqueous solution for 10 min. The PbI,
microplate array grew onto the substrate after the substrate
was blown to dry by Ar gas.

Conversion of Pbl, Microplates into Perovskite Crystals.
Butylammonium iodide (BAI) and butylammonium chloride
(BACI) powder were synthesized using a previously reported
solution method.””*’ The BAI (BACI) powder was placed at
the center of a 1 in. tube furnace, while the substrates with Pbl,
microplates were placed around 6 cm (8 cm) downstream. The
tube furnace was first pumped by a mechanical pump and
purged with argon (Ar) for a few minutes to completely
remove the air in the quartz tube. The intercalation was
conducted by heating the furnace to 150 °C (120 °C) and
remaining at this temperature for 2 h (30 min) at a pressure of
8 Torr with 100 sccm of Ar gas used as the carrier gas. Finally,
the furnace tube was naturally cooled down to room
temperature.

Material Characterizations. Powder X-ray spectrum measure-
ments were collected using a Bruker D2 PHPSER (Cu Ka 4 =
0.15419 nm, nickel filter, 25 kV, 40 mA). Optical microscopy
images were acquired by the Olympus BXS3 M system
microscope. The scanning electron microscopy images were
collected on a JEOL 7001F field emission scanning electron
microscope. The PL spectra were measured in backscattering
configuration using a Horiba HR550 system equipped with a
600 g/mm grating excited by a 473 nm solid-state laser with a
power of 1 uW. A liquid nitrogen continuous flow cryostat
(Cryo Industry of America, U.S.A.) was used to provide
continuous temperature variation from 77 to 290 K.

Photoconductivity Spectroscopy. The photocurrent measure-
ments were carried out on a home-built setup using a two-
probe configuration. The Cr/Au (10/50 nm) electrodes were
first defined by photolithography followed by thermal
evaporation and a lift-off process. Then Pbl, microplates
were grown on the predefined electrodes and then converted
to the 2D perovskite microplates. A 405 or 473 nm solid-state
laser was used to illuminate the devices. The photocurrent of
the two-probe device was collected by a lock-in amplifier
(Stanford SR830) coupled with a mechanical chopper. The
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response speed of the photodetectors was acquired using a
digital oscilloscope (Tektronix MDO3032).
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